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Abstract

The OMG standard Systems Modeling Language (SysML) has been on the market for about thirteen years. This standard is an
extended subset of UML providing a graphical modeling language for designing complex systems by considering software
as well as hardware parts. Over the period of thirteen years, many publications have covered various aspects of SysML
in different research fields. The aim of this paper is to conduct a systematic mapping study about SysML to identify the
different categories of papers, (i) to get an overview of existing research topics and groups, (ii) to identify whether there are
any publication trends, and (iii) to uncover possible missing links. We followed the guidelines for conducting a systematic
mapping study by Petersen et al. (Inf Softw Technol 64:1-18, 2015) to analyze SysML publications from 2005 to 2017. Our
analysis revealed the following main findings: (i) there is a growing scientific interest in SysML in the last years particularly
in the research field of Software Engineering, (ii) SysML is mostly used in the design or validation phase, rather than in the
implementation phase, (iii) the most commonly used diagram types are the SysML-specific requirement diagram, parametric
diagram, and block diagram, together with the activity diagram and state machine diagram known from UML, (iv) SysML
is a specific UML profile mostly used in systems engineering; however, the language has to be customized to accommodate
domain-specific aspects, (v) related to collaborations for SysML research over the world, there are more individual research
groups than large international networks. This study provides a solid basis for classifying existing approaches for SysML.
Researchers can use our results (i) for identifying open research issues, (ii) for a better understanding of the state of the art,
and (iii) as a reference for finding specific approaches about SysML.
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1 Introduction

The Systems Modeling Language (SysML) is a standard from
the Object Management Group (OMG) to support the design,
the analysis, and verification of complex systems which may
include software and hardware components. SysML reuses
parts of UML and additionally offers new language elements
like value types, quantity kind, as well as the opportunity to
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describe the functionality of continuous systems [29]. One
of the first intention for SysML was to give systems engi-
neers a modeling language in hand which is not too software
oriented [51]. SysML enables to model a wide variety of
systems from different perspectives such as behavior, struc-
ture, or requirement. The temporarily last version 1.5 was
released in May 2017. SysML has been in place for about
thirteen years, and various papers capturing different aspects
of this standard have been published at different venues
by different research communities. Since SysML is used
in multi-disciplinary engineering, there are large application
fields where the language is used.

To get a better overview of this huge number of contri-
butions as well as to identify the relevance of SysML in
scientific communities, we carried out a systematic mapping
study by analyzing the abstracts of the different contributions.
The study helps to generate knowledge by determining the
application fields in which SysML is commonly used, which
research groups are involved, etc. These insights help to iden-

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10270-019-00735-y&domain=pdf

112

S.Wolny et al.

tify trends to which direction SysML should be developed
in future, also with respect to the ongoing discussion about
SysML 2.0.

To put the aim of this article in a nutshell, we present
inputs as well as outputs of the SysML mapping study and
show a comprehensive overview of the evolution of SysML
over a period of more than 10 years. Additionally, we identify
open issues and discuss these issues in the conclusion of this
article with regard to SysML 2.0. According to Kitchenham
et al. [28], the findings and outlook may support the work of
the following stakeholders:

— Research: Scientists just started with research in the field
of SysML may use this study as an overview and starting
point for their work. Experienced researchers may also
use it as reference to save time for in-depth studies and
to accelerate the search for open issues.

— Industry: For industry, the findings give a good outline of
the state of the art in SysML research. This may enable
to transfer knowledge between academia and industry.
Such knowledge transfer may push forward the realiza-
tion of open issues in the vision of Industry 4.0 and
cyber-physical systems [10]. At least, industry stakehold-
ers may identify relevant and suitable research outputs for
practical settings.

The remainder of this article is structured as follows: Sec-
tion 2 discusses the related work. In Sect. 3, we present the
research method, define the research questions, and describe
the process of conducting the mapping study. In Sect. 4, we
describe and analyze the extracted data and visualize the
results. Section 5 covers possible threats to validity. In Sect. 6,
we present the conclusions and an outlook to future work. In
Appendices A and B we present references of all covered
SysML papers, a list of books, and theses, which were not
part of this survey.

2 Related work

In this section, we give an outline on the method of systematic
literature review compared to the method of a systematic
mapping study. Furthermore, we take a closer look on these
methods applied to UML and to its profiles (e.g., SysML,
MARTE).

2.1 Systematic literature review versus systematic
mapping study

Evidence-based practices, originating from the medicine dis-
cipline, have been widely adopted in software engineering
(SE) since 2004. In order to address evidence-based SE in
the form of systematic literature reviews (SLRs), the cor-
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responding techniques were re-formulated by Kitchenham
[26]. SLR is a well-defined methodology to identify, ana-
lyze, and interpret evidences in an unbiased and repeatable
way [28]. A large majority of published SLRs in the domain
of SE has been performed by following the approaches intro-
duced by Kitchenham et al. [25,27]. In addition, there are
some authors who have adopted surveys from medicine [35]
as well as from social sciences [46], or they have applied
refined guidelines like introduced in [11,14,60].

In this article, we apply a broader form of SLR which is
known as systematic mapping study (SMS) according to [8],
since our intention is to focus on evidences for a specific
research topic instead of answering detailed research ques-
tions. Based on a set of primary studies, a SMS identifies
gaps in the research area under consideration and discovers
potential research trends. By doing so, we follow the guide-
lines for conducting SMS in SE introduced by Petersen et al.
[44.,45]. Additionally, we apply the survey of Kuhrmann et
al. [31] for performing our SMS for SysML (see Sect. 3).

It seems that there are similarities between SMS and SLR;
however, the approaches of these two methodologies and also
their goals are quite different. For instance, in contrast to
SLR, a SMS uses general research questions to classify and
aggregate relevant studies to high-level categories [40].

2.2 SMSs and SLRs applied to UML

In empirical studies concerning the maintenance of UML dia-
grams and their use in the maintenance of code, Fernandez-
Séez et al. [17] conducted a SMS. For this purpose, the
authors studied 38 already published studies for discovering
an empirical evidence by applying the guidelines of [25]. As
aresult, the authors identified the need for more experiments
and case studies in industrial contexts.

In the particular research field of UML-driven software
performance engineering, Garousi et al. [18] conducted a
SMS to systematically categorize the current state of the
art. Thereby, the authors applied the guidelines provided
by Kitchenham and Charters [25] and Petersen et al. [44].
Among others, the authors identified emerging trends in this
specialized research field based on a set of 90 (from 114
identified) papers published between 1998 and 2011 [18].

Torre etal. [56] deliver acomprehensive summary of UML
consistency rules (regarding the different diagram types) by
performing a SMS including 94 primary studies published
until December 2012. For their SMS, they used in total seven
search engines and followed the guidelines of Kitchenham
[25]. There are related research works that address, e.g., a
SLR on UML consistency management [33] by covering an
earlier publication period (2001-2007), as well as, a SLR
about the quality of UML diagrams [37]. Finally mentioned,
there exist prior works on empirical evidence related to UML
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in general, e.g., a SLR [9] and a SMS [47], which consider
papers on UML properties and features published until 2008.

In the area of Software Product Lines (SPL), a SMS on
business process variability is conducted by Valenca et al.
[57]. This SMS includes 80 primary studies and considers
one empirical study on a hierarchical representation method
for UML 2.0 activity diagrams. They based their work mainly
on the surveys presented in [8,44] as well as on SMS best
practice as introduced in [28].

All of these related works have in common that they do
not consider SysML as main topic of the survey and that they
apply other techniques than we follow in our mapping study.
However, they represent interesting related work, not least
because UML provides the basis for SysML.

2.3 SMSs and SLRs applied to UML profiles

Ameller et al. [1] classify UML and UML profiles used to
specify functional and non-functional requirements based
on SMS to assess the state of the art in the development
of services-oriented architectures using model-driven devel-
opment. The authors selected and analyzed 129 papers by
adopting the guidelines presented in [25] and those described
in [28,44]. There are related SMS investigating the alignment
of requirements specification and testing such as presented
in [5]. In [52], the authors conducted a survey to examine the
use of UML profiles for testing Web services composition.

In the research field of domain-specific languages (DSLs),
Nascimento et al. [13] perform a SMS to identify the most
popular application domains of DSLs. The authors catego-
rize 1440 (from 4450 identified) primary studies by applying
the guidelines described in [25,44]. The technique of UML
profiles is mentioned in 21 publications of their catalog. An
extensive SLR in the specialized research area of model-
driven security was conducted by Nguyen et al. [39], where
the authors also consider UML profiles (e.g., UMLSec,
SecureUML, etc.) for the definition of security-oriented
DSLs. In addition, Souag et al. [55] surveyed UML-based
extensions for modeling security in the field of security
requirements engineering.

The UML profile SysML is addressed as topic in a map-
ping study, which investigated the usability requirements
elicitation [41]. The study was conducted based on the guide-
line presented in [25]. The authors formulated a sub-question
on notations to elicit usability requirements, and they identi-
fied model-based notations and natural language as the most
widely used notations in SE. There are similar SLRs related
to this topic such as presented in [2], which covers model-
driven requirements engineering.

Regarding model-based requirements specifications, Rashid
et al. [48] investigated how UML, SysML, and MARTE
profiles have been used to specify aspects of embedded
systems in the context of early design verification by con-

sidering papers published between 2008 and 2015. In an
additional SLR on tool selection in model-based systems
engineering, Rashid et al. [49] classified selected research
work in different categories like “modeling category,” where
modeling aspects of embedded systems using UML and its
profiles SysML and MARTE were discussed. Additionally
to model-based or model-driven requirements engineering
and specification, SysML as topic was also investigated in
the field of model-based testing like in the work presented
in [54]. Wortmann et al. [62] explore in their SMS the state
of the art of using modeling languages for model-based sys-
tems engineering of smart factories. The authors found out
that SysML and its variants play a key role as modeling tech-
nique for realizing Industry 4.0 approaches.

In the research field of systems engineering, several SLRs
include specific research questions concerning UML as well
as its profiles SysML and MARTE. For instance, Guessi et
al. [20] conducted a SLR on the topic of describing soft-
ware architectures for systems of systems (SoS). The authors’
second research question targets the techniques that have
been used for describing SoS. They identified that most pri-
mary studies use UML or SysML as semi-formal architecture
description languages.

In the previous past, SMSs were applied on safety and
security topics in the research field of systems engineering.
Forinstance, Nguyen et al. [40] conducted a SMS by covering
primary studies that focus on several SysML profiles like
SysML-Sec. Other SMSs such as presented in [16,22] only
touch SysML in their explanations and findings.

There are alot of SMSs addressing UML-based approaches
and UML profiles (e.g., SysML), e.g., (i) an SMS on func-
tional safety conducted by [7], (ii) a survey on SPL evolution
presented by [32], or two SMS on SPL testing conducted by
[15,38].

2.4 Synopsis

In this section, we relate existing research to our mapping
study. The presented research includes guidelines for con-
ducting SLRs and SMSs such as the work of Kitchenham et
al. [25,27] and Petersen et al. [44,45], or Kuhrmann et al [31].
We discussed works including empirical studies, case studies,
and surveys on UML and UML profiles, in particular, applied
in the domain of software engineering as well as systems
engineering. The conducted studies and mentioned surveys
investigate in the research fields of requirements engineering,
embedded systems in the context of early design verification,
model-based systems engineering, security engineering, per-
formance engineering, and software testing, e.g., the quality
and usability of UML and UML profiles.

All of these studies and surveys have in common that
they do not consider SysML exclusively and that they apply
other guidelines than we follow in our mapping study. For
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instance, the presented SLRs answer detailed research ques-
tions but they give no evidence on various aspects for SysML
for systems and software engineering. However, they repre-
sentinteresting related work and provide relevant entry points
to our own mapping study.

3 Research method

As research method, we used the previously introduced SMS
that enables to cover and classify publications in a specific
area. In our study, we are focusing on the abstracts of publi-
cations, published in the time period from 2005 to 2017, that
have SysML as their main topic.

The process for conducting this SMS is shown as SysML
activity diagram in Fig. 1, which mainly bases on the guide-
lines introduced in Petersen et al. [44]. We modified this
mapping process by adapting the last two activities.

Our systematic mapping process consists of five steps (see
Fig. 1). It starts by the activity of defining research questions.
The output of this activity are appropriate research questions
that define the review scope for the next step. In that activity,
we conduct a literature search. The output are all publications
related to the previously defined research questions. The next
step is the screening of those publications in order to select
the relevant ones. These relevant publications are the input for
the activity called “classification using abstracts,” where we
categorize the relevant publications by their abstracts based
on the research type facets introduced by Petersen et al. [44]
(see Table 1). We enhance this activity by further investigat-
ing to classify the abstracts based on systems engineering
phases related to the VDI guideline 2206 [58] and contri-
bution types as introduced by Shaw [53]. As output, we get
classified abstracts of selected publications, which we use as
input for the last activity “mapping of papers,” After this final
step, we get a systematic map, which enables us to extract
main findings related to our research questions.

In the following, we describe four (Sects. 3.1-3.3) of the
five SMS activities based on the research topic of our survey.
Afterward, in Sect. 4, we present the final activity “mapping
of papers.”

All data (i.e., founded results, search strings, screened
paper, classifications) can be also found on figshare! at
https://figshare.com/s/871aa0c03aal 8eb3edf6.

3.1 Activity 1: defining research questions

In this subsection, we define our research questions to specify
the review scope of the mapping study and we provide an
insight into the intentions behind these questions.

! https:/figshare.com/.
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— RQ 1: What are the bibliometric key facts of SysML pub-
lications?
The intentions of this research question is to find out (i)
the number of SysML publications that were contributed
in the period from 2005 to 2017, (ii) the type of those
publications (e.g., article, book chapter), (iii) the main
venues where the publications have been submitted, and
(iv) the main research background (i.e., communities) of
these venues.

— RQ 2: Where are the scientific communities of
SysML located and are there main contributors, who sci-
entifically promote SysML topics?
The intention is to identify and analyze scientific commu-
nities working on topics of SysML, e.g., we are interested
in the location of these communities. Moreover, we
address the question if there are more single authors
working on SysML topics, or rather (small) research
groups. For instance, we are interested in the number of
publications and their authors to identify those publica-
tions published by one and the same author. Last but not
least, we consider the number of citations of each of the
publications to identify the relevance for the respective
community. By doing this analysis, we want to find out
if there exists a huge network spanning over the world
which is working on SysML approaches, or not.

— RQ 3: Which research type facets do the identified pub-
lications address?
The main intention is to categorize the different publi-
cations by a solid and already well-established schema (
[31,59]). Therefore, we use the research type facets intro-
duced by Petersen et al. [44] as described in detail in
Sect. 3.3 (see Table 1). Based on this type facets, we want
to find out in which research contexts SysML topics are
used, e.g., validation, evaluation, etc.

— RQ 4: What are the key aspects of applying SysML in the
classified publications?
In addition to assigning the publications to type facets,
we are interested to get a deeper insight in the research
contribution of those publications. This research question
aims to identify (i) in which phase of the engineering
process [58] SysML is used, and (ii) the contribution type
[53] of the publications.

3.2 Activities 2 and 3: conducting search and
screening of publications

After identifying our research questions, the next activity is
the definition of appropriate keywords to find all published
papers regarding topics about SysML.
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Fig.1 Activity diagram of the systematic mapping process [44]

Table 1 Research Type Facet [44, p.4]

Category Description

Validation Research Techniques investigated are novel
and have not yet been
implemented in practice.
Techniques used are, for
example, experiments, i.e., work

done in the laboratory

Techniques are implemented in
practice, and an evaluation of the
technique is conducted. That
means, it is shown how the
technique is implemented in
practice (solution
implementation) and what are the
consequences of the
implementation in terms of
benefits and drawbacks
(implementation evaluation).
This also includes to identify
problems in industry

Evaluation Research

A solution for a problem is
proposed; the solution can be
either novel or a significant
extension of an existing
technique. The potential benefits
and the applicability of the
solution are shown by a small
example or a good line of
argumentation

Solution Proposal

These papers sketch a new way of
looking at existing things by
structuring the field in form of a
taxonomy or conceptual
framework

Philosophical Papers

These papers express the personal
opinion of somebody whether a
certain technique is good or bad,
or how things should been done.
They do not rely on related work
and research methodologies

Opinion Papers

Experience papers explain on what
and how something has been
done in practice. It has to be the
personal experience of the author

Experience Papers

Conducting search In contrast to existing work (see Sect. 2),
we do not want to cover just a single aspect of SysML. Our
aim is to provide an overview of all published papers. Thus,
we decide to search for the following keywords:

— SysML
— “Systems Modeling Language” (case insensitive)
— “System Modeling Language” (case insensitive)

There are many different digital literature libraries available
on the Web for conducting a literature search. We have opted
for the following four established ones:

Scopus (Www.scopus.com)

One of the largest abstract and citation databases of peer-
reviewed literature.

ACM Digital Library (http://dl.acm.org/)

ACM is a research, discovery, and networking platform
where a collection of full-text articles and bibliographic
records can be found.

IEEE Xplore Digital Library (http://ieeexplore.ieee.org)
IEEE Xplore provides a full-text access to technical lit-
erature in engineering as well as technology.

DBLP (http://dblp.uni-trier.de/)

The computer science bibliography database dblp offers
open bibliographic information on computer science
journals and proceedings.

In our piloting phase, we got more than 2000 papers result-
ing from the conducted search process in these libraries. In
order to obtain more precise results regarding our intention to
find out the state of the art of research on SysML in academia,
we decided to restrict the search string by the following cri-
teria:

— Publication in the period from 2005 to 2017: The first
SysML Specification? v.0.9. is online since January 2005.
Thus, we use this year as starting point in our systematic
mapping study. Since the survey was conducted in late
2017/early 2018, we decided to define 2017 as end date.

— Title: In order to get as output more specific SysML publi-
cations, and not only papers mentioning SysML as related

2 http://sysml.org/sysml-specifications/.
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work, we restrict the search query to publications where
the previously defined keywords are in the title. This deci-
sion should ensure that only publications that focus on
SysML are included in our result set.

We updated our result set several times to receive a complete
set of all relevant publications to answer our research ques-
tions. In addition during the revision process, we also made
several updates for finding any further publication published
in 2017. The final state of our result set, aligned with all
libraries, was checked the last time on the 21 of January
2019.

Screening of publications For screening the publications,
we defined the following exclusion criteria:

— Duplicates
— Papers:

e without available abstract
without an English, German, or French abstract

e without any context to the language SysML
For instance, SysML as abbreviation for “System
Machine Learning.”

e with similar abstracts
Some papers are covering different development
stages of a project, and therefore, their abstracts are
identical or have been just slightly extended. We
deleted the older or shorter version and always kept
the newer or longer version in the result set.

e with identical abstracts
There are papers with identical content and abstracts;
however, they have been published at different venues
(e.g., conferences and journals). We decided to leave
one of them in the results set and deleted the other
publication.

— Books: Books are deleted because they are not peer-
reviewed (e.g., A Practical Guide to SysML [B4]). The
whole list of retrieved books can be found in Appendix B.

— Theses: Theses often cover several different aspects and
therefore can be assigned to different type facets. In addi-
tion, most theses are also (partly) published as conference
or journal papers and would be duplicates. Thus, we
removed them from the result set. The list of excluded
theses can be found in Appendix B.

Based on these exclusion criteria, we double-checked (extrac-
tor/checker) all extracted papers in order to ensure that there
is consensus on all findings. After performing this screen-
ing process, our result set comprises 579 papers. For these
papers, we additionally considered the number of citations
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provided by Google Scholar® (see Sect. 4.2). The overall list
of the 579 publications is provided in Appendix A.

3.3 Activity 4: classification using abstracts

According to the guidelines of Petersen et al. [44], it is
sufficient to search only the abstract of a publication for cat-
egorization. In order to get a deeper insight of the research
context of those publications and for a better mapping, we
decide to apply the research type facets of Petersen et al., as
presented in Table 1, already in this phase of the SMS. This
means that we deviate from the original mapping process by
using the research type facets as classification schema to cat-
egorize the abstracts of the selected publications. Thus, we
modified the activity of “keywording of abstracts” in that we
use an already established classification schema.

Besides the assignment of abstracts to these research type
facets, it is important to find out in which engineering phase
SysML is mainly used and to which contribution type the
publications belong in order to get a deeper insight in the
research field of the selected publications. For this purpose,
we examine the different topics of the papers by analyzing
the keywords of the abstracts and cluster the publications
based on systems engineering phases and contribution types.
In this respect, we adapted the mapping process introduced
by Petersen et al. [44] by making a more fine grained cate-
gorization, as we describe in the following:

Systems engineering phase Based on the V-model related
to the VDI guideline 2206 [58], we distinguish the following
phases:

Requirements: Defining the requirements and system
properties such as the scope of functions and interfaces.
— Design: Designing the architecture of the system.
Implementation: Phase of realization and integration to
which simulations and code generators belong.

— Validation and Verification: The final phase of the V-
model to analyze and check the system.

Contribution type On the basis of the types of research
results introduced by Shaw [53], we define our categories for
the contribution types. Shaw defines seven different types, in
which she is also distinguishing between different data mod-
els (empirical, analytic, qualitative model). In our study, we
do not focus on different data models. Thus, we adapt these
types for our classification process. To give an overview, we
briefly describe our contribution types in the following:

3 https://scholar.google.at/.
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— Technique: Definition of a method or procedure.

— Process: Sequence of both interdependent as well as
linked procedures.

— Notation: A formal language or graphical notation to sup-
port a method (e.g., SysML Profile) or to map SysML to
other languages (e.g., translation).

— Tool: A specific implemented tool based on a certain tech-
nique.

— Specific Solution: Solution for an application problem,
e.g., result of a specific analysis, evaluation, or compari-
son.

— Other: For all publications of our result set, which cannot
be assigned to one of the contribution types specified
above. For instance, this includes publications that use
SysML in an educational context, or that compare SysML
with other modeling languages.

The outcome of the first four activities of the mapping pro-
cess is aresult set of publications classified based on research
type facets, systems engineering phases, as well as on con-
tribution types. This outcome serves as an input to the final
activity called “mapping of papers,” which is described in
detail in the next section.

4 Mapping of papers

In this section, we describe analysis and results to answer
the research questions (RQ1-RQ4). This output bases on the
last activity of our adapted SMS. Additionally, we briefly
summarize the main findings related to these questions at the
end of each subsection.

4.1 RQ 1: bibliometrics of SysML publications

To answer the first research question, we start with analyzing
the distribution of published papers in the period from 2005
to 2017. In a second step, we relate the result set to the type of
publications. Furthermore, we make a list of venues, where
the publications have been submitted. Figure 2 depicts the
absolute number of publications per year. The plot shows
that this number subjects to fluctuations. We found out that
in the years, in which a new version of the SysML standard
was published, the number of publications is mostly higher
than in the years before. The peak in Fig. 2 indicates that
most of the publications were published in 2013.

For further analysis of these results, Fig. 3 illustrates the
relationship among the number of publications, the years, and
the type of publication. The orange line depicts that in the
period from 2005 to 2017 there have been submitted much
more inproceedings to scientific conferences than articles to
scientific journals (see the blue line) or book chapters (see
the green line). Regarding the publication type, 80% of the
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screened SysML publications were published as inproceed-
ing, 19% as article, and only 1% as book chapter.

Furthermore, we want to find out if there are few selected
venues promoted by a handful research communities, or if
the publications spread over various conferences, workshops,
and journals which are promoted by very different research
communities. The result set shows that there are 316 differ-
ent venues, where the papers have been submitted. For the
sake of relevance and clarity, we list in Table 2 those con-
ferences with at least 8 SysML publications and in Table 3
the journals with at least 4 publications. In total, we present
12 different venues. The category column shows the main
research community of these venues.

The main venue is the Annual International Sympo-
sium of the International Council on Systems Engineering
(INCOSE), where more than 30 publications have been sub-
mitted in the last 10 years. A possible reason for INCOSE
being so prominent may be that the development of the
SysML language specification was a collaborative effort
between members of OMG and INCOSE. Thus, the INCOSE
community is interested in applications and innovations of
SysML. Additionally, one of the main research topics of this
conference is systems engineering, where SysML plays a key
role. From a statistical point of view, we underpin INCOSE’s
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Table2 Most Prominent -
N f Publ
Conferences regarding the Venue Category umber of Publications
Number of Publications (‘at least INCOSE (Annual International Sys. Eng. 32
8 Pa.pers)' Sys. Eng. = Systems Symposium of the International
Engineering, SOf' Eng. = Council on Systems Engineering)
Software Engineering, Sim. = . .
Simulation, Aut. = Automation IDETC/CIE (InternaFlonal Design Sys. Eng. 14
Engineering Technical
Conferences)
ETFA (International Conference Aut. 13
on Emerging Technologies and
Factory Automation)
SysCon (International Systems Sof. Eng. 12
Conference)
MODELSWARD (Conference on Sof. Eng. 11
Model-Driven Engineering and
Software Development)
CSER (Conference on Systems Sys. Eng. 10
Engineering Research)
ISSE (International Symposium on Sys. Eng. 9
Systems Engineering)
WSC (Winter Simulation Sim. 9
Conference)
ICEIS (International Conference Sof. Eng. 8
on Enterprise Information
Systems)
Table 3 Most Prominent .
. Vi Cat Number of Publicat
Journals regarding the Number enue ategoy Urber of Tupnieations
of Publications (at least 4 Systems Engineering Sys. Eng. 11
Papers) Sys. Eng. = Systems . . . .
Engineering, Sof. Eng. = Innovations in Systems and Software Engineering Sof. Eng.
Software Engineering, Sim. = Software and Systems Modeling Sof. Eng. 4

Simulation, Aut. = Automation

main position by considering the statistical distribution based
on the number of papers per venues, listed in Table 2. We
get a mean value of 13 (13,1) and a standard deviation of 7
(6,9). Since we identified a spread of 6 to 20 publications per
venue in this descriptive statistical analysis, we can classify
INCOSE as an outlier compared to the averages of the other
conferences.

The second prominent venue is the International Design
Engineering Technical Conferences (IDETC/CIE), where 14
papers were submitted and presented. This conference is,
among others, one of the main conferences for design engi-
neering mostly related to the manufacturing domain, where
SysML fits thematically well, since it is often used in the
design phase of automation systems (see Sect. 4.3.1).

The third venue is the International Conference on Emerg-
ing Technologies and Factory Automation (ETFA), where 13
papers were submitted. Approaches based on SysML are in
line with this conference, since the main topic of this con-
ference is complex systems, and among others, one goal of
SysML is to support the modeling of systems considering
software as well as hardware components.

@ Springer

All other venues listed in Table 2 have at most 12 publi-
cations. Even though these venues are focusing on different
subjects, all of them capture the main topics of SysML such
as design, simulation, and complex systems. With regard
to journals (see Table 3), the listed ones all deal with sys-
tems engineering or software engineering topics, whereby
the journal Systems Engineering (with a number of 11 pub-
lications) has the most published articles with a focus on
SysML.

The distribution curve across all these publications (most
prominent venues: conferences, journals) in the time frame
from 2005 to 2017 regarding the main research communities
is shown in Fig. 4. Regarding the number of publications per
year, it is obvious that most contributions were published in
the field of systems engineering.

Based on the provided information in the relevant abstract
of each publication, we classified the publication in various
application fields in a double-checking process (extrac-
tor/checker). Those publications that do not clearly belong
to a specific application field are discussed in the group. If
no unambiguous assignment is possible even after this dis-
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cussion, the paper is identified as not classified. Based on
these two processes, unfortunately 229 paper are not classi-
fied in our result set. Figure 5 shows the different application
domains that have at least 10 publications. Summarized,
SysML is experiencing a strong application in the produc-
tion area, followed by the aerospace sector (both aircraft and
space applications), which is closely followed by the applica-
tion field of mechatronics. In addition, SysML is frequently
used for system engineering modeling in the areas of auto-
motive and energy.

bl | L || ] ] ]|
56

wn

8 800 ]

=

]

2 600 - -

B 400 |- .

—

_“5200— ﬁ%&;z :

041394244321 11 1

Z ol e i1 LR

Z T T T T T 1T 1T 11 T T T T
12345678910 12 14 16 24

Number of publications

Fig.6 Number of publications per author (included number of studies:
579)

RQ 1—Main Findings: Generally, SysML is a mod-
eling language to support systems engineers in their
work. The findings related to RQ1 show that most of
the publications were published in venues with a sys-
tems engineering background. However, the analysis of
contributions submitted to the main venues of Tables 2
and 3 shows that there is an emerging interest on SysML
in the research field of software engineering since 2013
(see Fig. 4). This could be the fact, since systems are
becoming more and more software intensive. Another
indication is associated with the fact that from 2013 Ger-
man initiatives increasingly have started to implement
the concepts of Industry 4.0 in the production area such
as Internet of Things (IoT), Cyber Physical Systems
(CPS), Cyber Physical Production Systems (CPPS),
which are focusing on both software and hardware.
Besides the work of the German initiatives, changes
to SysML 1.3 were made in June 2012 concerning the
redefinition of physical flows and architectural align-
ments with UML, which could also be another effect
for increasing the attractiveness of SysML in software
engineering and systems engineering.

4.2 RQ 2: research communities and main
contributors of SysML topics

In a first step, we analyzed the number of authors and their
publications. We identified in total 1167 authors, of whom 30
are single authors without relationship to any other author of
the result set. Twenty-seven of these single or “non-related”
authors have published only one publication with a SysML
topic. The “related” authors have at least one relationship
to an author, who also has published a paper about SysML.
Figure 6 illustrates the number of publications per author.

It should be noted that most of the related as well as non-
related authors (in total 836) have published only a single
publication about SysML. However, there are 13 authors,
who worked more closely on the topic and wrote at least 10
papers. The specific affiliations of these authors are shown
in Fig. 7. It is worth to mention that these 13 authors belong
to eight different institutions. Some of them like Hammad,
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Mountassir, and Chouali are working together in the same i‘érgge
. . . . ()
research group, whereas other prominent ones like Paredis,
Hause, Vogel-Heuser, and Soares publish on behalf of their
own research groups.
For deriving the distribution of related and non-related
authors over the world, we took a look at their affiliation to
a country. Thereby, we found out that most of the authors | Australia
are from the USA, followed by France, and Germany (see Af?ig?
Fig. 8). Figure 9 illustrates the distribution of authors from a ~ 2,7?
. . South” America
continental perspective. Most of the authors are from Europe - 4.9%
. 9%
(48.8%) followed by North America (23.7%). North America
In a next step, we analyzed the relationship among these 23.7% \A i
. s1a
authors to get an overview of networks between them. For 19.4%

this network analysis, we used the free tool Gephi.* The
results of this analysis are shown in Fig. 10. It illustrates
all links among the 1167 authors. A link exists as soon as

4 https://gephi.org.
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Fig.9 Percentage of numbers of authors per continent (included num-
ber of studies: 579)
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Fig.10 Connections between authors (created by Gephi, included num-
ber of studies: 579)
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Fig. 11 Biggest network between authors with bridge builder (created
by Gephi, included number of studies: 579)

one author worked with another author on the same publi-
cation. Based on Fig. 10, we identified that there are several
research networks for SysML, but not a single big one. For
a deeper analysis, we took a closer look at the largest net-
work in the entire graph. This research network consists of 61
authors and is shown in Fig. 11. In this figure, we only name
the so-called “bridge builders,” who are the authors Paredis
from the Georgia Institute of Technology in Atlanta (USA),
Friedenthal from the Lockheed Martin Corporation in Fairfax
(USA), and Canedo, who is working at the Siemens Corpora-
tion Research in Princeton (USA). These three authors are the
anchor points linking the research networks across the world.
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Fig. 12 Distribution of citations of publications by year (included num-
ber of studies: 579)

Finally, we analyzed the influence of the selected publica-
tions on the scientific community. We used Google Scholar
for counting the citations, since we found no information
about citation count in the other used research libraries,
except Scopus. In order to make the distribution of citations
more comprehensible and to show which publications are
cited most frequently in an annual comparison (see Fig. 12,
outliers), we have chosen a boxplot for visualization as shown
inFig. 12. The top three papers [12,21,43] are each cited more
than 100 times. These three papers are focusing on the SysML
topics: simulation, physical systems, and design. These top-
ics, as well as other SysML topics, are one of the most
important issues, as the tag cloud shows (see Fig. 14), which
we will discuss later on when presenting the results of RQ 4.

RQ 2—Main Findings: SysML research takes place
worldwide with major contributors especially located
in the USA, France, and Germany. However, we dis-
covered that the research interest on SysML topics
seems to be stronger in Europe rather than in other
continents (see Fig. 9). The social network analysis
shows an active community that fostered the discus-
sion on SysML over the years. This network created
impact in several engineering domains, ranging from
frequently cited basic knowledge (e.g., system and
simulation modeling using SysML) to contributions
on very specific approaches (e.g., SysML4Modelica,
SysML4Mechatronic). In addition, the network analy-
sis shows that there are many smaller research groups
working on SysML topics. These groups are partly
interconnected by so-called “bridge-builders.” It can
be concluded that the interest on SysML has been
expanded, since researchers moved to other research
groups, bringing their knowledge and interest on SysML
topics in these groups in order to work on further SysML
approaches.

4.3 RQ 3: classification of SysML publications

For the classification process, we used the definition of cat-
egories as described in Sect. 3.3. In a first step, each of us
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Fig. 13 Number of publications per year according to the type facet classification (included number of studies: 579)
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Fig. 14 Tag cloud of most important terms (created with http:/
tagcrowd.com/, included number of studies: 579)

individually categorized the abstracts of the selected publica-
tions based on one of the six different type facets introduced
by Petersen et al. [44] (see Table 1). This classification offers
the possibility to find out whether SysML is used in own
approaches, in experiments, or in theoretical considerations.
In a second step, we discussed the categorizations and poten-
tial conflicts in the group. Based on these discussions, the
conflicting papers were finally assigned to one category. The
results of this classification process are shown in Fig. 13.
The result set comprises 10 opinion papers, 32 evalu-
ation papers, 53 philosophical papers, and 60 experience
papers. We found out that philosophical papers are so to
speak the “pioneers” in the introductory phase of the standard

@ Springer

until about 2007. There are negligibly few opinion papers in
the result set. The majority of the publications are assigned
to the categories solution proposals (185 papers) and vali-
dation research (239 papers). This means that the SysML
topic of the majority of papers is an own approach and its
sample implementation. Figure 13 shows the result set and
its chronological sequence which indicates that from 2010
onward validation research and solution proposal become
more and more prominent. There are only few evaluation
papers, since this category requires a preceding solution
implementation and based on this groundwork an evaluation
within a practical setting with an industry partner.

RQ 3—Main Findings: The higher number of philo-
sophical papers in the time period from 2005 to 2007
could be explained by the fact that at the beginning of a
new modeling language standard the comparison with
other modeling standards is usually the focus. Over time
when the standard is established, researchers are more
interested to take advantage of the standard to realize
own approaches and their implementations. This devel-
opment has been in the foreground since 2010.

4.3.1 RQ 4: key aspects of applying SysML

Additionally to the categorization of publications based on
research type facets, we want to detect the key aspects for
applying SysML. For this purpose, we firstly created a tag
cloud based on all abstracts of the publications of our result
set. (German and French abstracts were translated.) Figure 14
shows this tag cloud, which gives us an overview of the
50 most important keywords (with a frequency of at least
50 times) of the abstracts. It should be mentioned that we
have deleted conjunctions and keywords like “SysML,” “Sys-
tems,” “Modeling,” “Language” as well as “UML,” since we
already used them for our general keyword searching when
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conducting the second activity of the mapping process (see
Sect. 3.2).

The most frequently used keywords are design, require-
ments, process, and simulation. Based on the frequency of
these keywords, it can be derived that SysML is most fre-
quently used in connection with design and requirement
problems. It should be noticed that in this tag cloud every
term is counted as often as it occurs in the selected abstracts.
In addition, keywords like implementation, verification, and
validation frequently appear.

For an even more detailed analysis of the application of
SysML topics in the selected publications, we clustered the
result set according to systems engineering phases and con-
tribution types, as defined and described in Sect. 3. In the
following, we give a summary of the result set analyzed based
on engineering phases:

— Requirements: In this initial phase of the engineering pro-
cess, SysML is used to describe system requirements.
The requirements representation is enhanced by a graph-
ical view and by an explicit mapping of the relationships
between them. Additionally, the traceability is signifi-
cantly improved by the so-called “requirements tables.”
This in SysML newly introduced diagram type helps
to bridge the gap between documents written in natu-
ral language and modeled use cases. SysML is also used
for modeling non-functional requirements. Besides the
requirement diagram, the parametric diagram is used to
formally describe design requirements for verification
and validation purposes.

— Design: We found out that in the design phase, SysML
is often used to get a better system understanding and to
improve interoperability. In many publications, SysML
is used to get a detailed picture of the designed system.
Increasingly, SysML is used (i) as modeling language for
hardware systems, (ii) for concurrent design processes,
(iii) for mechanical concept designs, and (iv) for solving
aerospace development problems. Additionally to fulfill
special design requirements, SysML is extended by pro-
files, used in combination with, e.g., MARTE, or mapped
to other models.

— Implementation: In the implementation phase,

SysML is often used in combination with other languages
like SystemC, Modelica, or DEVS to support the imple-
mentation of an executable architecture that provides a
feasible systems engineering solution. Generally, SysML
models are used as basis for the structural and behavioral
description of systems. Based on SysML models, exe-
cutable code is generated by code generators or model
transformations are performed by model transformation
languages like QVT.

— Validation and Verification: Regarding the V&V
phase, we identified that different approaches deal with

(i) model checking for the assessment and evaluation of
performance characteristics, (ii) generating automated
test cases out of models, and (iii) reliability analysis.
The formalization of SysML models allows to building
frameworks for the verification and validation of systems
design.

Regarding the research results of the contribution type,
there are different research fields addressed in the result set,
briefly described as follows:

— Technique: There are a lot of different techniques pre-
sented in the publications. Most of them deal with
(i) efficient modeling of requirements (functional and
non-functional), (ii) performing parametric analysis of
complex systems, and (iii) verification of designed mod-
els.

— Process: 1t could be identified that the support of the
development process of systems stands in the fore-
ground. Most of the presented approaches deal with the
development of requirements up to the entire design
phase, whereas only few publications address the pro-
cess beyond the design phase.

— Notation: We found out that in relation to language engi-
neering, most of the publications of the result set deal
with SysML profiles. There are extensions and profiles
for (i) facilitating the verification of non-functional quan-
titative requirements, (ii) improving the application of
SysML to complex systems, and (iii) using SysML in
the automation, mechatronic system, or embedded sys-
tem domain. In addition to profiles, there are approaches
focusing on translation like transformation to Petri Net
or Matlab/Simulink. SysML is also used in combination
with OCL, OPM, or MARTE.

— Tool: Approaches in this category mostly engage in
the development of tools, e.g., to create and version-
ing SysML models. There are, for example, requirements
modeling tools based on SysML and also tools integrating
SysML in a process and design optimization framework.
Additionally, there exist approaches that use SysML in
combination with simulation frameworks or engines like
fUML? and James I1.°

— Specific Solution: There are some specific solutions based
on SysML, for example, for space systems, automo-
tive systems, or embedded systems. It can be said that
the focus of these solutions is on describing the special
requirements of the respective projects.

— Other: The main aspects for assigning publications to the
contribution type called “other” are: (i) the comparisons

3 http://www.omg.org/spec/FUML/.

6 http://jamesii.informatik.uni-rostock.de/jamesii.org/.
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of SysML to other modeling languages, (ii) the analy-
sis of the usability of SysML diagrams like requirement
view and parametric diagram, and (iii) teaching systems
modeling in SysML.

We connected the results of the systems engineering
phases and the contribution types together and visualized
itin Fig. 15. The distribution shows that most of the publica-
tions deal with problems in the design phase followed by the
V&V phase. To realize their approaches, the authors mostly
develop their own techniques and notations.

There are many papers in our result set dealing with
SysML extensions or transformations to other languages,
techniques, tools, and concepts. Therefore, we have analyzed
the information provided in the abstracts for creating a for-
malism transformation graph (FTG) [34], and additionally
based on the same principle, we created a formalism exten-
sion graph (FEG).

The FTG graph in Fig. 16 shows the various transforma-
tions of SysML to other languages, techniques, tools, and
concepts for different application scenarios such as simula-
tion, verification, analysis, and extracting code.” In addition,
the FEG in Fig. 17 shows the different extensions of SysML
used in the approaches, techniques, and methods introduced
and presented in the papers of our result set.® Besides the
shown transformations and extensions, there are two pub-
lications describing linking techniques for SysML to other
languages, one to Relax and one to Simulink.

It can be summarized that most of the SysML publications
are directed toward individual approaches for the design or
validation of systems. In most cases, established languages,
mechanisms for extension, and transformations are used. To
illustrate these main findings, we give an overall view in

7 Graph also available at https:/figshare.com/s/5de5b35ed2ef8
cdf8317.

8 Graph also available at https:/figshare.com/s/0f0f13eal 89b89
le312f.
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Technique  Process  Notation Tool  Specific Solution ~ Other

Contribution

Fig. 18 where we show the systematic map of SysML pub-
lications regarding type facets, systems engineering phases,
and contribution types. This figure presents the interplay of
all the probed categories and their classification as output
of the last activity of the systematic mapping process (see
Sect. 3, Fig. 1).

RQ 4—Main Findings: It turns out that in the area
of systems engineering the phases design and valida-
tion are predominant topics in all type facet categories.
Thus, design and validation are clearly the dominant
engineering phases in the usage of SysML. Regarding
contribution types, we concluded that the types focus-
ing on technology and notation are more likely to be
found in the research type facets “Solution Propos-
als” and “Validation Research.” In the other type facets
categories, the main contribution type can differ. For
instance, presentations of specific solutions is an impor-
tant input for “Experience Papers.”

5 Threads to validity

For identifying the threats of validity of our SMS, we follow
the four basic types of validity threats according to Wohlin
et al. [61]. We address each of these threats in the following
subsections.

5.1 Conclusion validity

Conclusion validity takes care of issues that might arise when
drawing conclusions and whether the SMS can be repeated.
According to Wohlin et al. [61], the main focus is to draw
a correct conclusion regarding relations between the design
and outcome of the study. In the given SMS, threats to con-
clusion validity include:


https://figshare.com/s/5de5b35ed2ef8cdf8317
https://figshare.com/s/5de5b35ed2ef8cdf8317
https://figshare.com/s/0f0f13ea189b891e312f
https://figshare.com/s/0f0f13ea189b891e312f

125

ing study

ic mapp

a systemati

Thirteen years of SysML

(6LS :sarpms Jo 1oquunu papnpour) suonedrqnd TNSAS Jo (D 14) ydeis uonewojsuen wsiewiod 91 ‘b4

a8en8ueq Sul||9poIN SSYAINOD —TIND  « Suljapoy paseg-1uady — NGY SuoIsua1xa [eudis-paxiw ‘@3en3ue uondudssq alempleq
UN2UID paiesdagu| paads YSiH AJsA — SNV-T1AHA uoneziwndo
a8engue uondudsaq [eiN3RUYIIY — o }Y|00L dWI|-|EAY SOJ0IQ — | [Y-S000I0 o T

TUORCHISSA PRy =TdY. ool sulil;Eay 0~dld 0 yomawels ugisaq pue uones8aju| ss3004d — Odld o |00 uone|NWIS Wa3sAS JudISURIL — SASNYL  «
1929Yd-|9pOoAl 21|oquiAS 213s1|Iqeqold — . ueldwo) swoH |eudig — .

o342-[3pOIN 21[0qUIAS J13S1IqeqOId — INSI¥d ey D HIBY=10 - JHa 2In123)1Ydly 3suayaq Jo Juswnedaq — 4¥Aoa/4VAoiN o wesSeiq 00|g 12e4SqY—-A9Y o uo1ed14109ds WalsAS JUaAT 93243SI0— SAIQ  »
a8en3ue Jauue|d 2UaNbas —1dS «  Wa1sAS UOIINIEX] BuliNRINUBIA —SIN  «

ASo|opoyia|Al $59204d-193[G0 — INdO a8en3ue AS0j0u0 GOIM —TMO 1001 BUI|SPOIAl SIIURYIIIN AUIGOIN = NLEN  «
SuIey) AONJBA SWI]-913.0510 — « 9@3en3ue7 uondudsaq aiempley — .

{EHD ACHIEIN SLL 10=DI1a oz aseg PIEH =100 |9PO XOq 3oe|g d1elpawaiul- Ng]l 2JN19UYIY [PATYSIH-VIH Wia1sAS BUI9PON 21eIGaS|Y [BIBUID — SINVD  «

(8525 ‘Ts5] [155 ‘05S]

l1sts] | (Q)OOIHS Vddn

[18s]| erewoiny aoepiau

[es] | wids/ejawoid

V65 ‘BLDS ‘6EVS
lzges] | Homawey 0ald | L o3iLuned _ammm ‘segs 'sz1s] ‘mwNmmwwNm 22z ‘v8TS

4 [865] teaTc Vo
[€€vS ‘OvS ) €8TS ‘00TS ‘685'295]
‘9745 ‘7875 [09gs]|  $Han0ld

[6525]

ue|d NB

[v6¥S ‘€6YS ‘8IYS ‘99¥S
‘6EVS ‘SLTS ‘TTTS

ea1j3poN

‘I8TS WY ‘€VS [eses ‘vzes 374
‘2bs vTS ‘€15)  [ozes] cogs ‘ggs] 1C0%S]| 21801 @gv feves] “L0TS ‘685 '8€S] [9PON UoBenWiIS looss
[v8zsl| owLa p EIENED) 66S 765
[£9€s ‘29€s]
NSIYd 1av 9 [£9¥S ‘99

(SN¥S) s1eN
plemay 2115eyd01s

‘PSES ‘20TS ‘T0TS ‘00TS]

[t9s]

[£55S ‘95SS ‘VIvS .
8175985 ‘085] S19N 19 paJojo) [oozs ‘661S] E

[o6¥S ‘68YS
‘oves ‘6€ZS ‘vIS]

adeaswis

[8£TS ‘LTS ‘€0TS VTS| | S1I9NMISd dwiL [18es‘sLes )
‘555'SS] qepeny  |1£S¥ST¥S]
dSD) $9s592044 |e3uanbag
[£€€s ‘0LTs 89Ts ‘2zs ‘1es] {as9) ! [tves] [v0ss]

Bunesunwwo)

[ss€s ‘9915]
|opowt

SS3¥dX3

SASNYL

[S9vS ‘€95 ‘29vS
[90€s]

‘T9¥S ‘8EVS ‘8vES ‘vITS | SIONMIS
‘€TTS ‘LTS ELTS ‘6TS]

[s91s] | 99!S34eS focts] 10303014 _wnos_cw_m”ﬁmbxu
(0SS5 ‘L5 ‘SLS ‘DL 3 umshs SOREDIENINGS OHE leets] /= N\

‘T0vS ‘09TS ‘ZS ‘18]
114-S02010

[96€S]
_smm; suopeindyuo) Aemales SN (1001)

XUJRNIORIIXT Wiioj|eosluouedioenxy |9POINISaLII.IXT Bunsalews  ((6zesT8IS)
[vogs]| Sojuapwaishs 66v1903 5
%) Lets sweiSiwaishs [eges]
uoyaA,
s | vouhd | -tertoou

[v95s]

6SS '85SS ‘6€SS ‘8€SS
‘ETYS ‘TTES ‘S6CS ‘€67S]

3pod1eNx3

X1
Ayljiqeases)

(4v) [sPoN
|e4n3aaydiy
4vaoa/4vaon

13PON
[80ss] :o_umN_E_unoﬁmbxm.

(Inaw) x1ieuiewoga|diiniA
/(NSQ) Xueainnasusisaqg

|opo@1eISIN

[oszsl | SNON IN-X310D INYY [91¥S ‘¥9€s]
3 [z55s ‘20SS ‘TvvS (N0Y) [PPo
SWVIAHA £ 6005 ‘6125 ‘stzs “brzs] 1a(qo anIsINIRY L ol o
[sees] [csss]  [BTES ‘6ETS ‘8ETS ‘9TTS] [9z5]

[6vSS ‘Z8TS 965 ‘L8S]

pringer

As



S.Wolny et al.

(6.6 sarpmys Jo xoquunu papnpour) suonedrjqnd TASAS Jo (DF) ydeis uorsuaixo wisiewrio /| *bi4
4VQOIA pue 4¥goq 404 3]j0id palfiun - INQdN
a8en3ue] A30j0JuQ gIM —TMO  «

Juawaseue
logts] 2803
pajmouy : SUI|9POIAl [9A37 UOIRIBSUBIL — NTL  »
sish|euy a1ey 0z¥S]
teotsl | Mo [esss] |euy 33els uoissaudx3 Apadoud esodwizl—3d3L
P i i ~SjusWalinbay | JuI0dM3IA A3IND!
[SvS5 ‘TvSS ‘0255 ‘¥9rS MusY 10GM3IA Aatinoas
s et yre o] leuonouny SWa1sAS JO SWaISAS — S0  «
[oves] | uteyd Aiddng (i SjuI0d UoN/|euooUNg [88v5] T wia1sAg UONNIaXZ SuLNIdRINUBIN — ST«
@se) asn
weigelg (8155 ‘ze€s] 1avsks sanlIqesauinA WMW Wa1sAS uonewloju| asudINUI -3 «
[Teeg)| YoHEMSUINBH| logys ‘grzs] | Aungeasesy (oses ‘mmm_ Ine4 a8engue) ayyads ulewoq - 150
3uid '8¢5 'L2S [TO¥S ‘¥8ES ‘595
3 suldid [£5TS ‘SSTS] Siustiauljay ! [b€1S) uo11e21J123dS WDISAS JUSAT 8329510 — SAIA  »
[9T5S ‘LTS ‘6TTS] e e RSN Aayes 10| loczs)
(10ss]| Aema1e0 SIN pnshs | | Sed |
{Buuneynue} [eogs ‘gas)| o0 [ses] ,IA lezs]
[6v5] saipms peiL 2UN3UYIY 4 {Anaas
o I s
[0vSs ‘8€Ss ‘592s] 847 p TNSASY | g hoes) E_v_v 189YS ‘L9VS ‘99vS
; syadsy i i TIPS ‘S6¢S ‘€61S] ‘T5€S ‘86¢S]
1915) [zSs ‘€615 ‘L8] m_mwﬂws_ [9€s ‘915] [18tS
) lozss ‘gezs {8uiPpoly SOV E Julnuis 6LYS ‘OYS '€0VS
Less co:MN_E_ao [66¢s ‘g6s] [sT85] 4675 ‘£525 T919) e A yINshs 'V0ES '8STS ‘%61
udisaq SO3QVINY 31W0U003 {uonnoaxa} 791S ‘6v1S ‘L€S]
$53001d i L wadn {8uilapoin oo} {uonenuis} [ ILHVN
vves] | sop-mn \
{sos} - v ‘A wsal e ev1|3pow SRS
s S
(8ss] NVSX3 o WSS < [egs] [zovs
¥sAS pappaquia} A A 2 Y {uoneoyan) _— ¥5€S ‘101S]
[09ss] E 16255 ‘215 ‘18] L wE
1RO |{solueydsin}
12115 ‘z0T] eshww_\ﬁ& {money2aN} [80es]| 3d3L
{leway}
[evss]| ydeuo puog {uonewoIny} SjulelIsu0)
{sa1u01309)3} awi)
o f [r8zs] E fores]
TNSAS T+€ {Answoan} peado
3S9YaylL -josuo) 15a {Aeqr}
. suonPeIay| 7 20NYLY¥ID €-TET19 031 sl e aoeds | [8vss]
[58ES €3€S1 | jearshya-nni (1ts] Ehoueusy
lovs] UOREIUIAS | ey
S21U0IBLDR) . TAPPREd
fooes1| 42 R woneaomy | | WSt || IS || s | | ojowanshs || wwsouny | [ zszszost | L
[09s] [2sss ‘20ss] [8vs] [tzzs]  [€8vS Tovs] [2zss [sv1s]

‘06TS ‘68TS ‘vLS]

126

pringer

Qs



Thirteen years of SysML: a systematic mapping study

127

— Subjective measures, such as the manual categorization
of abstracts to the research type facets of Petersen et al.
[44].

— Low statistical power, due to the restricted amount of
identified publications (e.g., a few publications may influ-
ence the ranking of prominent contributors).

— Fishing (searching) for specific results, since the results
are influenced by the chosen selection of publications
(see internal validity).

An additional threat to the validity of the conclusion of
a SMS is the publication bias. The term “publication bias”
occurs when studies with non-significant findings are either
be not submitted by their authors, or may be rejected by
reviewers and/or editors and then this could be a risk con-
sidering our research type facets. For instance, the risk could
be based on the reason that opinion papers are less frequent,
since they are more often rejected and become either unof-
ficial technical reports or unpublished studies. To counteract
to this risk, we use different databases with various scopes.

As mitigation strategy against subjective measures, the
papers of the result set were classified by each of us based on
the strategy introduced in Petersen et al. [44], presented in
Table 1. Subsequently, these classifications were discussed
among themselves. Thereby, occurred discrepancies were
considered in more detail and discussed in the group before
we re-classified them. Once again, our mitigation strategy
against the low statistical power is the use of four differ-
ent digital libraries to obtain the most complete possible
set of papers focusing on SysML as research topic. A com-
parison with a sampling method such as introduced in [30]
would be interesting in order to see whether the same pub-
lications would be found. Unfortunately, this investigation
goes beyond the scope of this article.

5.2 Internal validity

Threats to internal validity address issues that indicate a
causal relationship, such as hidden factors. This phenomenon
is also known as spurious correlation. Therefore, the main
goal is to guarantee that the methods used in the SMS cause
the outcome of the survey. It should be mentioned that fac-
tors which impact the internal validity are also significantly
influencing the process of the research subjects’ (i.e., publi-
cations’) selection. For a better understanding of the internal
validity regarding our SMS, we describe in more detail the
two influencing factors, selection and instrumentation, based
on Wohlin et al. [61], in the following:

— Publication selection based on:

e Keywords: only the title of publications were
searched for the following keywords: ‘SysML’ or
‘System[s] Modeling Language’.

e Time frame: restricted from 2005 to 2017, since the
first draft of SysML specification was published in
2005. The idea of UML for Systems Engineering was
already issued in 2003 but with a different naming.

e Literature repositories: we took into account four dif-
ferent literature repositories, which are Scopus, ACM
Digital Library, IEEE Xplore Digital Library, as well
as DBLP.

e Publication language: only publications with English,
German, or French abstracts were considered, even
though the repositories have provided additional
abstracts satisfying the keywords as well as time
frame, like Chinese or Spanish publications.

e Manual filtering: we deleted duplicates, books, and
theses, as well as publications without abstract or
research context to SysML.

— Instrumentation caused by design of artifacts:
This includes, for instance, timeliness and completeness
of literature repositories to answer the question which
venues are considered by those libraries. It may be possi-
ble to delay previously published articles like in the case
of post-proceedings, and therefore, they are not available
online.

Our mitigation strategy to address risks of publication selec-
tion and instrumentation was to avoid too tight restrictions by
considering alternatives. For instance, (i) three different key-
words based on our mapping scope were used for the search
process, (ii) a time frame was applied that started with the first
draft of SysML, and (iii) four broad-based literature reposi-
tories were taken into account for conducting the search. In
contrast to [63], we use the four libraries ACM, IEEE, DBLP,
and Scopus and not, for example, SpringerLink. However,
SpringerLink references are included in DBLP and Scopus
and therefore implicit in our mapping study. In addition,
Scopus contains many publications in the field of systems
engineering that do not appear in the other libraries. Thus,
by this mitigation strategy, the result set may cover a repre-
sentative set of relevant publications.

Regarding manual filtering, a certain bias remains accord-
ing to publications with heterogeneous titles and abstracts,
but identical content. We discussed this issue in the group.
However, this uncertainty remains open due to method we
have chosen for this SMS based on Petersen et al. [44].

5.3 Construct validity

Construct validity concerns the relationship between theory
and observation. According to Wohlin et al. [61], construct
threats to validity cope with issues that might arise during
research design. Thus, it should be checked if the used con-
cept is sufficient. There are two kinds of threats to construct

@ Springer
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Research
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Contribution

Fig. 18 Systematic map of SysML papers (included number of studies: 579)

validity, which are (i) design threats such as mono-operation
bias, mono-method bias, or confounding constructs as well
as levels of constructs, and (ii) social threats such as hypoth-
esis guessing, evaluation apprehension, and experimenter
expectancies [61]. It should be mentioned that social threats
do not apply to non-personal subjects (such as publications);
however, they may be relevant regarding the authors of this
mapping study [61].
In the given SMS, threats to construct validity include:

— Mono-method bias: the study is mainly based on the sys-
tematic mapping process introduced by Petersen et al.
[44]. In this context, the mitigation strategy was that two
independent research groups have worked cooperatively
in this study. In doing so, the first literature review has
been independently carried out by each group.
Confounding constructs and levels of constructs: for
instance, in the case of categorization, there is more than
only one type facet applicable (e.g., validation research
vs. solution proposal). In cases where the levels of appli-
cable type facets are relevant, we selected the most fitting
category based on objective aspects and discussion within
the group.

Hypothesis guessing: since the authors of this article are
familiar with systems engineering and SysML, some out-
comes might be expected such as increasing publications
over the years, or close relationships among research
groups. We minimized this risk by using an open research
design where we have generated knowledge instead of
only checking it.

5.4 External validity
The external validity is concerned with “generalization,” and

whether the result of a study can be generalized outside the
scope of the study or not. According to this validity, there are

@ Springer

three main risk types [61]: (i) interaction of participants and
treatment, (ii) interaction of environment/setting and treat-
ment, and (iii) interaction of history/timing and treatment.
However, in the presented SMS, we do not aim for gen-
eralization. Given our scope (keywords, time frame, etc.),
the SMS aimed for completeness; however, no extensive lit-
erature survey can ever claim to be complete. Our SMS is
concerned with scientific research on SysML and can not be
generalized to closely related research field. Although some
conclusions could be generalized to a broader topic (e.g., lack
of evaluation research studies), we did not draw such general
conclusions.

6 Conclusion and outlook

In this article, we report on our findings regarding the inves-
tigated research topics on SysML over the last thirteen years
by performing a systematic mapping study. We found out
that initially most of the publications were published in sys-
tems engineering venues, but since 2013, the research interest
on SysML topics moves more toward software engineer-
ing. It may be concluded that this moving interest results
from the fact that in 2013 Industry 4.0 initiatives started to
implement their visions such as CPPS, IoT, IIoT, and oth-
ers. Therefore, SysML has been very strongly represented
in the production application area since that time. Also it
seems that the research interest on SysML topics seems to be
stronger in Europe than on other continents, since the Indus-
try 4.0 vision started in Germany. However, in Asia and the
USA, there started also similar initiatives known under the
umbrella “advanced manufacturing” [10] which also stimu-
late research on software engineering and SysML.

It can be summarized that out of the nine SysML diagram
types, the following ones are mainly used: requirement dia-
gram, parametric diagram, activity diagram, state machine
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diagram, block definition diagram, and internal block dia-
gram. It turned out that the two newly introduced diagram
types—requirement diagram and parametric diagram—are
accepted and frequently used by the academia research com-
munity. SysML is well established as modeling language
for designing, analyzing, and verifying complex systems.
However, many researchers customize SysML for their pur-
poses, and therefore, define their own profiles since SysML
seems still too generic for some domain-specific tasks (e.g.,
SysML4Modelica [42,50], SysML4Mechatronics [4,24] to
mention just a few approaches). An additional finding is that
SysML is lacking of operational semantics. Some approaches
aim to overcome this gap such as fSysML [3] which is sim-
ilar to fUML (a foundational subset of UML for executable
UML models).

Toward SysML v2

The OMG is currently working on a new version of SysML in
version 2 (abbreviated SysML v2). Based on the first insights
from the draft SysML v2 Requirements®, it becomes appar-
ent that the main challenges regarding the usage of SysML,
which we have identified and discussed in the presented map-
ping study, were also admitted in the current work of the
standardization group. For instance, SysML v2 is intended
to expand the requirement diagram by formal definitions of
non-textual requirements in order to make these requirements
more general and subject to automated validation. Addition-
ally, the draft addresses the issue of ambiguous operational
semantics of SysML, trying to solve this ambiguity similarly
to the fUML initiative. There are also planned enhancements
to have a timing component in models, which is an important
issue, e.g., when modeling continuous systems in combina-
tion with discrete systems.

Based on the presented SMS and its results and main find-
ings, we identified the following research directions for future
work.

Research direction 1: life cycle support

The results show that there is only limited support when
using SysML in the implementation phase, and very lim-
ited support for describing the whole life cycle of a system
from design until operation and back again, for implementing
so-called “liquid models” [36]. Therefore, a future research
direction is to exploit and adapt SysML for supporting the
execution and analysis of systems during runtime and to align
operational data with design models.

9 http://www.omg.org/cgi-bin/doc?ad/2017-12-02.

Research direction 2: modeling hybrid systems

Most of the selected publications consider either discrete or
continuous challenges when designing systems [6,23]. This
means that very rarely hybrid solutions in systems design
are taken into account [19]. Therefore, further investiga-
tions should be undertaken for defining formal semantics
for SysML to close the gap when combining discrete and
continuous modeling and simulation.

Research direction 3: operational semantics for SysML
Currently, there is no support, e.g., to shift property spec-
ification and verification tasks up to the model level. There is
still a rule-based operational semantics missing to ensure a
step-wise, state-based semantics, e.g., to describe a finite exe-
cution trace through a sequence of changes. In this context, a
future research direction is to define a rule-based operational
semantics for SysML, e.g., based on foundations done in the
context of f{UML.

Research direction 4: deeper analysis of the publication
corpus for further research questions Our result set pro-
vides a good foundation for deeper analysis for specific
topics related to SysML regarding particular research fields.
For example, the contribution category notation can be fur-
ther differentiated into various language engineering aspects
(e.g., profiling, translation to another languages, etc.). Based
on such analysis, it is possible to characterize similarities and
differences among various approaches.
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doi.org/10.4271/2010-01-0265

Yin, S.Y,, Yang, Y., Miao, X.W., Zhao, T.D.: SysML-
based safety analysis of thrust reverser. Hangkong
Dongli Xuebao/Journal of Aerospace Power 26(3),
498-504 (2011)

Yin, Y., Xu, Y., Miao, W., Chen, Y.: An automated
test case generation approach based on activity dia-
grams of SysML. International Journal of Performa-
bility Engineering 13(6), 922-936 (2017). https://
doi.org/10.23940/ijpe.17.06.p13.922936

Yue, G., Rao, A., Jones, R.: Architectural and func-
tional modelling of an automotive driver informa-
tion system using SysML. In: Proceedings of the
IEEE/ASME International Conference on Mecha-
tronics and Embedded Systems and Applications
(MESA 2008), pp. 552-557. IEEE (2008). https://
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SysML-Books

[BI]

Debbabi, M., Hassaine, F., Jarraya, Y., Soeanu, A.,
Alawneh, L.: Verification and Validation in Systems
Engineering: Assessing UML/SysML Design Mod-
els. Springer (2010). https://doi.org/10.1007/978-3-
642-15228-3

Dori, D.: Model-Based Systems Engineering with
OPM and SysML. Springer (2016). https://doi.org/10.
1007/978-1-4939-3295-5

Friedenthal, S., Moore, A., Steiner, R.: A Practical
Guide to SysML: Systems Modeling Language. Mor-
gan Kaufmann Publishers Inc., San Francisco, CA,
USA (2008)

Friedenthal, S., Moore, A., Steiner, R.: A Practical
Guide to SysML, second edition edn. Morgan Kauf-
mann Publishers Inc. (2012). https://doi.org/10.1016/
C2010-0-66331-0

Holt, J., Perry, S.: SysML for Systems Engineering:
A Model-Based Approach, second edition edn. Com-
puting and Networks (2014)

Oquendo, F., Leite, J.C., Batista, T.: Software Archi-
tecture in Action - Designing and Executing Archi-
tectural Models with SysADL grounded on the OMG
SysML Standard. Undergraduate Topics in Com-
puter Science. Springer (2016). https://doi.org/10.
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[T2]
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of Franche-Comté, Besancon, France (2016)
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temps réel et distribués en contexte UML/SysML.
Ph.D. thesis, Paul Sabatier University, Toulouse,
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tems Modeling Language (SysML). Ph.D. thesis,
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